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The highly hydrophobic, photoreactive probe 3-(trifluoromethyl)-3-(m-[1ZsI]iodophenyl)diazirine ([L251]TID) 
labels calmodulin in a Ca2+-dependent way [(1984) Biochemistry 23,40@-403]. Similar results are obtained 
in the presence of different cations depending on whether their properties are closely related to those of 
CaZ+. Labeling by [1251]TID is also observed in the presence of different denaturing agents, and the extent 
of labeling is reduced by the phenothiazine trifluoperazine. The Ca2+-dependent exposure of hydrophobic 
sites was studied for different Ca 2+-binding proteins and evidence is presented that troponin C can be la- 
beled by [1251]TID in a Caz+-dependent way whereas parvaIbumin is not. 
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1. INTRODUCTION 
Calmodulin plays a pivotal role in mediating 
Ca2+-dependent processes (review [I]). It has 4 
Ca2+-binding sites [2] and belongs to a family of 
highly homologous proteins containing Ca2+- 
binding domains in a helix-loop-helix arrangement 
[3]. In 1977 Levin and Weiss [4] reported the 
Ca2+-dependent binding of phenothiazines to 
calmodulin which is now known to be due to the 
exposure of hydrophobic sites induced by the bin- 
ding of Ca2+ to calmodulin [5]. On the other hand, 
these sites are thought to be important for the in- 
teraction with the target proteins [5,6] and have 
recently been affinity labeled by phenothiazine 
derivatives [7,8]. 
We have recently described a new method to 
identify these hydrophobic sites 191. Here, the 
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Abbreviations: [‘251]TID, 3-(trifluoromethyi)-3-(m- 
[‘2SI]iodophenyl)diazirine; PAGE, polyacrylamide gel 
electrophoresis; TFP, trifluoperazine; TN C, troponin C 
photoactivatable hydrophobic reagent [‘251]TID, 
which labels calmodulin and proteolytic fragments 
of calmodulin in a Ca2+-dependent way [9], will be 
used to label homologous Ca’+-binding proteins to 
identify similar hydrophobic surfaces. In addition, 
calmodulin is labeled either in the presence of dif- 
ferent denaturating agents or under conditions in 
which Ca*+ is substituted by other cations to in- 
vestigate their ability to induce similar conforma- 
tional changes of calmodulin. A preliminary ac- 
count of this work has been presented elsewhere 
[lOI. 
2. EXPERIMENTAL 
2.1. Materials 
The hydrophobic label [“‘I]TID was prepared 
according to Brunner and Semenza 1111. 
Calmodulin was isolated from bovine brain as in 
[12]. Troponin C and crayfish calcium-binding 
protein were generously supplied by Dr J. Cox, 
Geneva, and parvalbumin was a gift from Dr C. 
Heizmann, Zurich. Trifluoperazine was kindly 
provided by Smith, Kline and French, USA. 
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2.2. Methods 
Calmodulin and related Ca’+-binding proteins 
were labeled with [1251]TID as described [9]. The 
labeled samples were analysed by SDS-PAGE ap- 
plying a Laemmli buffer system [ 131. The gels were 
stained with Coomassie brilliant blue, dried and 
exposed to X-ray film (Eastman Kodak, X-Omat 
AR film) for autoradiography. Some autoradio- 
grams were analyzed with a densitometer (Shimad- 
zu, Japan, as modified by Desaga, Frankfurt, 
FRG). 
Protein determination was carried out by the 
procedure of Lowry et al. [14], using bovine serum 
albumin as standard. 
3. RESULTS AND DISCUSSION 
Teo and Wang [2] first described the 
Ca*+-binding properties of calmodulin, but only 
recent results demonstrated the existence of two 
high- and two low-affinity Ca*+-binding sites of 
calmodulin [15,16]. Tb3+, Nd3+ and Pr3+ can also 
form biologically active calmodulin complexes 
with Kdiss values even smaller than that of Ca*+ 
[17,18], but other cations like Sr*+, Mn*+, Co*+ 
and Zn*+ bind to calmodulin with lower affinity 
than does Ca*+ [2,18]. Therefore, it was of interest 
to determine whether cations other than Ca*+ are 
able to induce exposure of hydrophobic sites in 
calmodulin which can subsequently be labeled by 
[iz51]TID as described before [9]. As can be seen 
from fig. 1, Ca*+-free calmodulin can be labeled by 
[‘251]TID in the presence of different cations. It is 
evident from this figure that calmodulin becomes 
strongly labeled by [1251]TID only in the presence 
of ST*+, Cd*+ and Tb3+ (even if the latter was pre- 
sent at 3-fold lower concentrations, fig. 1, panels 
3,6,7). On the other hand, labeling of calmodulin 
by [‘251]TID in the presence of Mn*+ (panel 2), 
Zn*+ (panel 4) or Co*+ (panel 5) was either only 
marginal or, in the presence of Mg*+ (panel 8), 
even non-existent. These findings are in excellent 
agreement with the recent observation of Chao et 
al. [18]. These authors provided evidence that 
there is a strong correlation between the similarity 
of the ionic radii of the different cations and their 
efficiency to substitute for Ca*+ in the function of 
calmodulin. 
As demonstrated by NMR, calmodulin retains 
its structural integrity in the presence of Ca*+ even 
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Fig. 1. SDS-PAGE of [‘2s1]TID-labeled calmodulin 
saturated with different cations. The 12% 
polyacrylamide gel was run using a Laemmli buffer 
system [13], stained with Coomassie brilliant blue (A) 
and exposed for 24 h to an X-ray film for 
autoradiography (B). Ca” was removed from 
calmodulin and the buffer by passing the solutions 
through a Chelex 100 column. The solutions of the metal 
ions were tested for Ca’+ contamination by atomic 
absorption spectroscopy. The following total cation 
concentrations were present in the [‘251]TID labeling 
experiment: (1) 600pM Ca’+, (2) 600pM Mn*+, (3) 
500 PM Sr*+, (4) 6OOpM Zn’+, (5) 600pM Co*+, (6) 
600 PM Cd’+, (7) 2OOpM Tb3+, (8) 5 mM Mg*+, (9) 
2 mM EGTA. 
under highly denaturing conditions [ 191. These 
findings are corroborated by the results presented 
in fig.2. Ca*+ -saturated calmodulin is labeled by 
[‘*‘I]TID either in the presence of 6 M urea (fig.2, 
panel 3) or in the presence of 0.1% SDS (fig.2, 
panel 5), as much as in the absence of the denatur- 
ing agents (fig.2, panel 1). However, in contrast to 
urea, Ca*+-free calmodulin is also labeled by 
[‘*‘I]TID, at least partly (it should be noted here 
that the second band of labeled calmodulin which 
can be observed only on the autoradiograms most 
probably represents doubly labeled calmodulin 
molecules thereby gaining a higher mobility on 
SDS-gels), in the presence of 0.1% SDS (see fig.2, 
panels 4 and 6) indicating that the presence of SDS 
is sufficient to make hydrophobic sites of 
calmodulin accessible to [‘251]TID, even in the 
absence of Ca*+ (fig.2, panels 5 and 6). 
Two molecules of phenothiazine per molecule of 
calmodulin are bound in a Ca*+-dependent way 
with high affinity [4]. Recently, evidence has been 
provided that hydrophobic binding sites exist in 
each half of the calmodulin molecule [9,20]. Since 
the phenothiazines may bind to similar sites of 
calmodulin as [1251]TID we undertook competition 
experiments to see whether TFP reduces the bind- 
ing of [‘*‘I]TID to calmodulin. As shown in fig.3, 
this is indeed the case, but complete inhibition of 
Volume 182, number 1 FEBS LETTERS March 1985 
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Fig.2. SDS-15% polyacrylamide gel electrophoresis of 
calmodulin labeled with [‘251]TID under denaturing 
conditions. Labeling of calmodulin by [‘251]TID was 
performed either in the presence of Ca2+ (nos 1,3,5) or 
in the presence of EGTA (nos 2,4,6), respectively. The 
Laemmli gel [13] was stained with Coomassie brilliant 
blue (A) and subjected to autoradiography for 2 days 
(B). Special conditions for the labeling procedure were 
as follows: (1 + 2) none, control; (3 + 4) 6 M urea; 
(5 + 6) 0.1% SDS. 
[‘*?]TID labeling by TFP has not been observed, 
probably due to the different types of binding of 
the two molecules to calmodulin. Similar observa- 
tions have recently been reported by Jarret [a], 
demonstrating the competition between TFP, W7 
or fluphenazine and a phenothiazine derivative 
used as affinity label. 
0.6 1 3 5 7 10 
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Fig.3. Reduced [‘251]TID-labeling of calmodulin by Fig.4. [1251]TID labeling of calcium-binding proteins. 
TFP. SDS-PAGE according to Laemmli [13] was carried The [‘251]TID-labeled Ca2+-binding proteins were 
out with calmodulin samples labeled by [‘251]TID in the analysed by SDS-12% polyacrylamide gel electro- 
presence of increasing amounts of TFP. The phoresis. The gel was stained with Coomassie brilliant 
12%-polyacrylamide gel was stained with Coomassie blue (A) and subjected to autoradiography for 7 days 
brilliant blue and exposed to an X-ray film for 15 h. The (B). The labeling experiment was carried out either in the 
autoradiogram was analyzed with a densitometer. The presence of Ca2+ (1,3,5,7) or in the presence of EGTA 
computed areas under the peaks were calculated relative 
to the control, taking Ca’+-calmodulin labeled in the 
(2,4,6,8). (1 + 2) Calmodulin; (3 + 4) troponin C; 
(5 + 6) parvalbumin; (7 + 8) crayfish calcium-binding 
absence of TFP as 100%. protein. 
Since calmodulin belongs to a family of dif- 
ferent Ca*+-binding proteins we were interested in 
whether some of these proteins expose similar 
hydrophobic sites due to the binding of Ca*+. As 
can be noted from fig.4, TN C was labeled by 
[‘251]TID in a similar Ca*+-dependent way (panels 
3 and 4). These findings are corroborated by recent 
observations reported by Marshak et al. [21] who 
provided evidence for the Ca*+-dependent interac- 
tion of calmodulin, troponin C and S lOOb-protein 
with immobilized phenothiazines. Parvalbumin 
and crayfish calcium-binding protein show a dif- 
ferent behaviour if exposed to [‘*‘I]TID. Par- 
valbumin is not labeled by [‘*‘I]TID in the 
presence of Ca*+, on the contrary, if labeled at all, 
then only in the presence of EGTA (fig.4, panels 5 
and 6). These properties are further corroborated 
by the fact that parvalbumin is not retained by a 
phenothiazine affinity column in a Ca*+-depen- 
dent way [21]. On the other hand, the crayfish 
calcium-binding protein is labeled by [‘*‘I]TID, in 
both the presence or absence of Ca*+ (fig.4, panels 
7 and 8). 
In conclusion, the results presented here provide 
evidence that (i) cations of similar ionic radii to 
Ca*+ induce in calmodulin the exposure of 
hydrophobic sites; (ii) structural integrity of 
calmodulin is stabilized by Ca*+ even in the 
presence of high concentrations of denaturing 
agents; (iii) trifluoperazine can reduce the degree 
of labeling of calmodulin by [‘*‘I]TID; and (iv) 
AB AB AB AB 
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some homologous Ca’+-binding proteins expose 
hydrophobic sites in a Ca2+-dependent way similar 
to calmodulin. The determination of the topology 
of these TID-binding sites is currently under 
investigation. 
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